The brightness that results from stimulating a particular test-region of the retina may be depressed or enhanced by simultaneous stimulation of other "inducing"-regions. The test-region brightness may be affected by contiguous inducing-regions (local contrast effects), and by non-contiguous inducing regions (long-range effects sometimes called "assimilation"). We describe a computational model for early vision that can predict the results of brightness-matching procedures commonly used to measure these phenomena. According to this model, brightness depression reflects primarily lateral inhibition that underlies local contrast effects; whereas brightness enhancement results from processes similar, in spirit, to those described in Helson's adaptation-level theory.
INTRODUCTION
The purpose of this paper is to describe a quantitative model that can be used to compute the outcome of the brightness-matching procedures used in typical experiments on simultaneous brightness induction. The development of this model was motivated largely by the need to provide a simple early vision stage for a model of visual pattern recognition we developed and are continuing to refine (Heinemann & Chase, 1990) .
We shall use the term "brightness induction" to refer to a change in the brightness of light imaged on one region of the retina that is caused by simultaneous illumination of other regions, adjacent or non-adjacent. The terms "brightness depression" or "brightness enhancement" will be used to indicate the direction of the change.
Many studies of induction effects have examined how the brightness of a test-region of uniform luminance, LT, is affected by the luminance, L~, of an adjacent inducing-region. It has long been recognized that the brightness of a test-region that is viewed against an inducing-region that is of uniform luminance and completely surrounds the test-region is determined largely by the ratio LT/L~, provided that this ratio is relatively small (e.g. Kardos, 1935; Heinemann, 1955; Helson, 1938; Reid & Shapley, 1988; Wallach, 1948 ). An equivalent way of describing this state of affairs is to say that, under these conditions, brightness is determined largely by the luminance contrast between the test-region and its immediate surround, called local contrast. The authors cited above, as well as numerous others, have held that the dependence of brightness on the ratio LT/Lj is the principal factor responsible for the phenomenon of brightness or "lightness" constancy. However, in addition to being affected by the luminance of adjacent regions, the brightness of a test-region varies also with the luminance of inducingregions that do not share a border with the test-region, and are thought to be too far from the test-region to affect the same retinal mechanisms as the latter (Arend, Buehler, & Lockhead, 1971; Land & McCann, 1971; Shapley & Reid, 1985) . These effects will be referred to as longdistance interactions.
The model described in this paper is similar in many respects to other models of early vision, e.g. Arend et al. (1971) , Grossberg and Todorovic (1988) , Mahowaid and Mead (1989) , particularly in the assumptions made concerning sampling and filtering of the retinal image. It differs from these models primarily in two ways: (i) in the account it offers of brightness-enhancement effects and the long-distance interactions; and (ii) in that it is designed to yield numerical predictions of data obtained in brightness-matching experiments under various conditions.
The present form of our model rests on the assumption that the retinal image falls on an array of neural units that have concentric receptive fields of the "center on" type, are evenly spaced, and are identical in all characteristics except for location on the retina. We shall refer to this array as a grid of sampling nodes. With reference to visual physiology and anatomy, the assumptions just stated clearly represent an extreme oversimplification. Nonetheless, it turns out that the computational model based on 2007 2008 ERIC G. HEINEMANN and SHEILA CHASE these assumptions represents quite well the psychophysical results obtained in several experiments in which the local contrasts between test-and inducing-regions were either positive or had relatively small negative values.
Most of the psychophysical work we consider here was done with stimuli that fell within the fovea. There is reason to think that, within the fovea, psychophysically measured interactions that are mediated by neural processes (rather than by light scattered within the eye) are quite weak if the stimulated regions are separated by more than approx. 0.5-1.5 deg of visual angle (Fry & Alpern, 1953; Leibowitz, Mote & Thurlow, 1953) . Very weak interactions have been demonstrated over distances as large as 10 deg (Yund & Armington, 1975) .
The distance between neighboring sampling nodes is assumed to reflect the spatial resolution. Assuming a resolution of 1 min arc, the Nyquist sampling criterion (Nyquist, 1928; Shannon, 1949) would require a spatial sampling interval of about 0.5minarc. To make simulations practicable on the computers available to us, we settled for an interval of 1 min arc and worked only with stimulus arrangements smaller than 1.75 x 1.75 deg of visual angle. To represent this area in our computer implementation required a sampling grid of 105 x 105 nodes.
THE COMPUTATIONAL MODEL
The computational steps involved in arriving at the sensations assumed to be induced by the retinal image are described in the following paragraphs. The parameter values listed there were used in all the computer simulations presented in this paper. These values are based on model-generated curves that were fitted to results of a single subject of an experiment by Heinemann (1955, Expt l, subject EGH) . The fits were done by trial and error; they are not "best fits".
The first computational step serves to enhance the changes in luminance reflected in psychophysical phenomena such as Mach bands.
Step 1
Convolve the distribution of light over the sampling grid with a difference between two (bivariate) normal distributions. We shall refer to the difference between the two bivariate normals as a weighting function. In all of our simulations this function was obtained by subtracting a normal distribution with a SD of 0.3 from a normal with a SD of 0.2. (The SDs refer to the marginal distributions and are expressed in units equal to the sampling interval.) This produced a weighting function with a steep central excitatory region surrounded by a shallower inhibitory region (Fig. 1) . To avoid edge effects that occur if the weighting function extends beyond a specified light distribution, the outermost region of that distribution was extended outward.
The procedure described above yields a function
h (x, y) , where x and y are the two spatial dimensions of the sampling grid. The convolved luminances, h(x, y), will be called the first-let'el response.
The next computational step takes account of psychophysical evidence, going back to that put forth by Fechner (1860) , indicating that the dynamic range of the responses underlying brightness is compressed by a function that is roughly logarithmic.
Step 2
Add to the first-level response of each sampling node an identical positive constant, f. This constant might be thought of as representing a level of spontaneous activity, 
A further computational step is needed to account for the effects (on brightness) of inducing-regions that are somewhat distant from the region under consideration. Historically, perhaps the most influential specification of the stimulus correlates of brightness (one that is applicable to situations involving any number of interacting regions) is based on the notion that the brightness of a test-area depends upon the luminance of that test-area relative to a quantity that is determined by the average luminance of all objects in the visual field (Kardos, 1935; Helson, 1938 Helson, , 1963 Helson & Jeffers, 1940; Judd, 1951) . This reference quantity was called adaptation-level by Helson (1938) . According to Judd (1951) it is equal to about half the average luminance of all the objects in the visual field. In spirit the operation described under Step 3 below, is very similar to the operations performed to express luminance levels relative to adaptation-level in Helson's theory (Helson, 1938) . The average SLR is the counterpart of adaptation-level in our model.
Step 3
Calculate the average of the SLRs over all sampling nodes. Next, subtract this average from the SLR of each sampling node. The resulting deviations from the average, one for each sampling node, will be called brightness values, B(x, y) . Thus,
where N~ and N2 are the number of nodes along each of the spatial dimensions of the sampling grid.
Auxiliary assumption
Most of the empirical results considered in this paper were obtained by brightness-matching procedures. Such procedures usually require that the subject match the brightness of two extended regions, each of uniform luminance. To apply our model to the results of brightness-matching procedures, it is necessary to specify the processes whereby the brightness values obtained in step 3 are transformed to the subjects' behavior. A full account of this would have to deal with numerous matters in the field of cognition, such as the role of instructions, learning, memory, and decision processes. Consideration of most these matters is beyond the scope of this paper.
However, one important problem that cannot be bypassed is that of specifying how subjects go about assigning a single brightness to each of the extended regions whose brightness is to be matched. Our model, as well as virtually every other model of early vision, assumes that a small stimulus region of uniform luminance is transformed by early processes to an internal representation that is not uniform in brightness. It seems that human subjects are capable of using any one of several different criteria when required to assign a single brightness to a spatially extended region. For example, they may base their judgment on the brightness at the edges of that region, or at the center, or on the average brightness of the region (cf. Davidson, 1968) .
Our treatment of this matter rests on the assumption that, when subjects are asked to match the brightness of two extended regions, the brightness they assign to each region is the average brightness of the nodes in that region.
Most of the simulations that will be discussed in this paper involve assessing the brightness of regions of uniform luminance that differ from their immediate surrounds by a luminance step, an abrupt change in luminance. According to our model, this step is represented in perception by a very steep gradient of brightness that has a Mach band on either end. In the simulations, the boundary of the area over which the subject averages brightness is defined by the points at which the brightness gradient that forms the edge of the designated test-area passes through zero brightness. [This situation is illustrated in subsequent sections, e.g. Section 3 (Fig. 7) .]
The perceived edge that encloses a particular test-area is not assumed to be analogous to a physical boundary that limits the spread of a process that is occurring within that area. Instead, we assume that the edge functions as a convenient landmark for a subject who is instructed to assess the brightness of a region. We are led to this position in part by evidence that, when shown an extended area of uniform luminance, subjects' judgments may differ substantially depending on whether they refer to the whole test-area or only its center (Torii & Uemura, 1965) , also see Heinemann (1972, pp. 157-158) for a discussion of this work.
It is important to note that the averaging assumption discussed above has no implications for the outcome of procedures that are designed to assess brightness variations within an extended region of uniform luminance. Some results obtained with such a procedure will be described in Section 6. Figure 2(a) shows the disk-annulus situation used in many experiments on brightness induction. However, for practical reasons the simulations we shall discuss used the pattern shown in Fig. 2(b) . It will be convenient to refer to both of these stimulus arrangements as "disk-annulus" patterns. The regions labeled T and C will be called the test-field and the comparison-field respectively. These regions have spatially uniform luminance levels to be denoted LT and Lc respectively. The annular region that surrounds the test-field, also of uniform luminance, denoted LA, will be called the inducing-field. Region B, which completely surrounds the regions just named will be referred to as the background, and its luminance will be denoted LB.
Brightness
Brightness as a dimension of visual experience is not directly measurable. For this reason, the empirical work considered in this paper is based entirely on brightness matching. However, our model includes a definition of a quantity we chose to call "brightness" in Step 3. In this section we discuss factors that affect the average brightness of the nodes included in the test-field. Figure 3 shows the results of computer simulations that were based on the parameters specified in Section 2. The sizes assigned to the comparison-, test-, and inducingfields were very close to those used in the experiment by Heinemann (1955) . The stimulus pattern was centered on the 105 x 105minarc sampling grid used in our simulations.
Each of the dotted curves in Fig. 3 represents the average brightness of a disk as a function of its luminance--when that disk is surrounded by an annulus of constant luminance LA, and the background is dark. The number written on each of the dotted curves represents the logarithm of LA. The solid curve (labeled -oo) is for a disk that is not surrounded by an annulus, specifically for the comparison-field used in Heinemann's (1955) Expt 1.
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FIGURE 3. Results of simulations. Brightness of a test-field as a function of its luminance. Each curve represents results for a test-field that is surrounded by an annulus that has the log luminance (cd/m z) written on the curve. The background was assigned a luminance of zero.
The widths of the test-field and annulus were 27 and 14 min arc of visual angle respectively. These dimensions are very close to those used in Heinemann (1955) from which the parameters used in all simulations were derived. -2.5 -1.5 -0.5 0.5 1.5 2.5
Log Annulus Luminance (cd/m 2 ) FIGURE 4. The points in this graph represent the results obtained in a brightness matching experiment by Heinemann (1955) , and the continuous curves shown are the outcome of a simulation. The comparison-field was presented on a dark background (no annulus). Each curve shows the log luminance of the comparison-field needed to match the brightness of a test-field of constant luminance. The parameter on each curve denotes the luminance of the test-field in log(cd/m2).
A horizontal line drawn across the family of curves shown in Fig. 3 represents a constant level of brightness. Such a line intersects the various curves at values of test-field luminance and annulus luminance for which the disks have identical brightness. Note that any horizontal line that lies below a brightness value of approximately zero does not intersect the solid curve that represents the no-annulus condition. This means that a disk that has a brightness value smaller than zero cannot be matched to a disk that is not surrounded by an annulus.
Each of the dotted curves has a lower segment that is roughly horizontal, representing a region over which there is little change in brightness despite large changes in luminance. The brightness specified by the point at which this segment intercepts the vertical axis is the lowest brightness a disk can have when surrounded by an annulus that has the luminance specified on the curve. Finally, the fact that the upper portion of each of the dotted curves crosses over the solid curve reflects the fact that the presence of an annulus may actually enhance the brightness of the included disk (see Fig. 4 ). *In the future we plan to explore the possibility of applying our model to the relation between brightness matches and measures of luminance-difference sensitivity. In this endeavor we would initially follow the general approach described by Heinemann (1961 Heinemann ( , 1972 . Extending the model to results obtained by psychophysical scaling methods looks like a much more difficult task. In our opinion, such an extension would require a quantitative treatment of numerous cognitive processes ranging from the acquisition and use of numerical concepts to the principles governing cross-modality generalization. A possible approach to some of these matters is described by Heinemann (1978) .
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Brightness matching
As mentioned, the constants used in computing the brightness curves that are shown in Fig. 3 were based on the results of brightness-matching procedures. Though other empirical procedures have been used in experiments on induction, e.g. various forms ofpsychophysical scaling (Helson, 1938; Marks & Stevens, 1966; Stevens & Galanter, 1957) , and measurement of luminance-difference thresholds (Heinemann, 1961; Whittle, 1986 Whittle, , 1995 , only the results of matching procedures will be considered in this paper.* In such procedures, the subject adjusts the luminance of either the comparison-field or the test-field until these two regions appear to have the same brightness. However, a brightness match between regions T and C may also be achieved by adjusting the luminance of the annulus (Hess & Pretori, 1894; Heinemann, 1955) . Figure 4 shows the results obtained by Heinemann (1955, subject EGH) together with the theoretical curves obtained by computer simulation. The empirical results were obtained by use of a haploscopic matching method in which the comparison-field is shown to one eye; the test-and inducing-fields to the other eye. This method avoids unwanted interactions between the comparisonregion and the others (see Diamond, 1953; Horeman, 1963) .
It should be noted that both the empirical and theoretical results show that, for a fixed LT, the value of Lc required for a brightness match between the test-and comparison-fields increases with increasing LA until LA is roughly 0.5 log units below LT, and then decreases rapidly with further increases in LA. The initial increase in test-field brightness is small but is evident in the results of all three subjects who served in the experiment, and was also found in a similar experiment by Torii and Uemura (1965) . It represents what has sometimes been called "assimilation" (Helson, 1963; Helson & Rohles, 1959 ) but which we prefer to call brightness enhancement (cf. Heinemann, 1972) . The decrease in test-field brightness that occurs when inducing luminances are high relative to test-field luminances (brightness depression) is seen in Fig. 4 as a steep decline in log(Lc) as (LA) approaches and then exceeds (Lv).
EXAMINING THE WORKINGS OF THE MODEL: THE EFFECTS OF STEPS 1-3
The following discussion will be focused on the theoretical results shown in the topmost curve of Fig. 4 [log(LT) = 2.05]. However, the basic reasoning that is presented applies to the other curves as well.
How our model interprets enhancement and depression of test-field brightness may be clarified by reference to Of primary interest is the way the responses of the nodes in the disk region change with changes in LA. This is because we assume that it is the brightness of the disk region that the subject is assessing during the matching process. The simulations show that changes in the first-level responses of the nodes in the disk, resulting from changes in LA, are confined to a few nodes near the edges• The average first-level response of the nodes within the disk is a monotonically decreasing function of LA. The decrease in the response of the nodes in the disk region can be clearly seen when comparing the solid and dotted curves in is that the operations described under
Step 1 cause the activity in the disk region to be depressed as LA is increased, but do not result in any enhancement effect. Figure 6 shows the SLRs for the same stimulus conditions• The horizontal segments at SLR = -4 represent the logarithm of fm,n. The range of annulus luminances represented in Fig. 6(a) is approximately that in which the enhancement effect is seen in the topmost curve of Fig. 4 . Though the two functions shown in Fig. 6(a) appear identical in the region that represents the disk, there are in fact small differences that cannot be seen without greatly expanding the vertical scale• As was the case for the first-level response, the activity level in the disk region actually decreases slightly as annulus luminance increases.
Figure 6(b) shows that activity in the disk region is depressed when LA is equal to or exceeds LT. The curves shown in Fig. 6 , together with results of simulations in which LA was set to various values other than those represented in Figs 5-7, lead to the same conclusion reached in the analysis of the first-level responses: progressive increases in LA lead to increasing depression of activity in the disk region, but do not result in any enhancement of that activity• The enhancement effect we are considering results solely from the operations listed under
Step 3. Figure 7 shows the result of applying the operations listed under Step 3 to the SLRs. Note that, within the disk-region, an increase in LA from --2 to 0.5 results in a slight increase in the brightness of all nodes• This increase is a manifestation of the enhancement effect• To understand in detail how this enhancement of test-field brightness comes about, it is necessary to consider how changes in LA affect activity in the annulus and background regions, as well as activity in the disk region. Further, it is necessary to consider how activity in all three of these regions affects the average SLR. According to our model, it is the effect on the average SLR that is the critical factor in producing the enhancement effect.
To explain the basic mechanism involved we consider again the model-generated results shown in Fig. 6(a) . As noted in the previous discussion of these results, the increase in 1og(LA) from --2 to 0.5 is associated with a very small decrease in the SLR of the nodes in the disk (test-field) region. The effects on the SLR of the nodes in the annulus and background regions are much stronger. By comparing the solid line with the dotted line, it can be seen that raising 1og(LA) from --2 to 0.5 causes the depression of the SLRs to spread further toward the outer edge of the background and to attain its maximal value of -4.0 (the logarithm off,,~n) at many of the background nodes• On the other hand, the response of the nodes in the annulus region is increased because (i) the SLRs of the nodes that lie near the background annulus border are increased; and (ii) fewer nodes within the annulus have maximally depressed response levels• For the geometric conditions under consideration, the net effect of these changes is that the average SLR is decreased.
To summarize: the increase in LA, over the range considered in the preceding paragraph, causes changes in the SLRs that affect the value of the average SLR. Of these changes, the dominant one is a large increase in the number of background nodes that have maximally depressed response levels. The result is a decrease in the value of the average SLR. Because the brightness of each node is represented by the difference between its SLR and the average SLR, a decrease in the average SLR results in a relative increase in the brightness of all nodes within the disk region•
THE EFFECT OF BACKGROUND LUMINANCE
In this section we consider the effects of surrounding the disk-annulus pattern with a background of non-zero luminance. Figure 8 shows outcomes of simulated experiments that differ from the Heinemann (1955) 2014 ERIC G. HEINEMANN and SHEILA CHASE experiment only in that LB, the luminance of the background that surrounded the test-field and its annulus, was held constant at -0.45, 0.55, or 1.551og(cd/m2). In all of these simulations, the log luminance of the test-field was held constant at 2.05 log(cd/m2), and the comparison-field was shown against a completely dark background.
The dotted, dashed and dot-dashed curves represent the results obtained when the background luminance was set to each of the levels listed above. The solid curve is reproduced from Fig. 4 . It is shown here to facilitate comparison with the dark-background condition. All of the curves show enhancement effects. The form of the curves that represent results obtained for non-zero levels of LB differs from that obtained for the dark-background condition in the following way. As LA is progressively increased from its roughly threshold value of -2 log(cd/m2), the matching luminance Lc changes very little with increases in LA until LA exceeds LB, at which point Lc begins a rapid rise. This rise continues with further increases in LA until the value of Lc is approximately equal to that obtained when the background is dark. From that point on, the value of LB has virtually no effect on the matching luminance, i.e. whatever the value of LB, the value of Lc remains very close to that obtained in the darkbackground condition.
For values Of LA that are smaller than LB (the initial, flat segments of each of the dotted, dashed and dot-dashed curves) the matching luminance decreases systematically with increases in Lb.
Interpretation of the effect of background luminance
Detailed simulations of the sort described in Section 4 for experiments with a dark background lead to conclusions that are similar, in essential aspects, to the conclusions reached in that section. According to our model, variations in LB have only negligible effects upon the first-and second-level responses of the nodes within the test-field. Variations in LB affect the brightness of the test-field almost entirely through their effects on the average SLR.
The abrupt rises in matching luminance seen in the three curves that represent the results for non-zero levels of LB in Fig. 8 reflect the mechanism that produces the enhancement effect. As mentioned in Section 4, that effect is a consequence of the (net) depression of the SLRs that may be caused by increases in LA. The depression of activity in the backgroundregion plays an important role in the enhancement effect. If an increase in LA does not result in depression of the SLRs in the background, then the average SLR is not lowered and there is no enhancement effect. That the abrupt increases in matching luminance we are discussing do not occur until LA approaches equality with LB reflects the fact that, according to our model, the SLRs in the background region are virtually unaffected by LA until the latter is approximately equal to LB.
Relevant empirical measurements
To our knowledge, extensive sets of empirical measurements to which curves such as those in Fig. 8 might be directly compared are not available. However, Shapley and Reid (1985) and Reid and Shapley (1988) have done extensive work with a stimulus situation quite similar to that discussed above, namely a disk surrounded by an annulus that, in turn, was surrounded by a background of non-zero luminance. They studied the effects of backgrounds of various luminances on the relative brightness of disks that had luminances that differed only slightly from that of the surrounding annuli. In addition, they examined the effect of varying the width of the annuli. Reid and Shapley (1988) express all luminance differences between adjacent areas, L~ and L2, in units of percent contrast, where contrast C = 2(L2 L~)/(L2 + LI): the difference between the two luminance levels divided by their average.
There are two contrasts to be considered in the disk annulus situation: (i) the contrast between annulus and disk; and (ii) the contrast between annulus and background. Reid and Shapley (1988) proposed that, if the contrasts are not very large, the brightness of the disk is determined by the weighted sum of the two contrasts. The principal purpose of their experiments was to compare the effect, on the relative brightness of test and comparison disks, of the contrast between the annulus and background with that between the annulus and disk. They refer to the former effect as assimilation, and to the latter as induction. To avoid confusion that might arise from our somewhat different use of the term "induction" (cf. Heinemann, 1972) , we shall use the terms long-~h's'tance qffbct for assimilation and local effect for induction.
To explain how Reid and Shapley (1988) estimated the magnitude of these two effects it is necessary to consider briefly the basic stimulus situation and procedures used in their experiments. The subjects were shown two disk annulus patterns, each on a different background. These backgrounds differed in luminance, were presented side by side, and connected by a linear luminance gradient. In the following discussion the disk on the left side of the display will be denoted T (test-field), the annulus that surrounds T will be denoted At, and the background that surrounds Av will be denoted Bs. The disk on the right side will be denoted C (comparisonfield), the annulus that surrounds C will be denoted Ac, and its background will be denoted Be.
Four pairs of background luminances were studied. In each pair the luminance of Bs was lower than that of Bc, and will be denoted LB,,,. The luminance of Bc will be denoted L~,,,~,. The four pairs of background luminances differed in the magnitude of the difference between LB .... and LB,o~. LBhx~h and LB~,~ were varied in such a way that their average value, denoted L0, was constant throughout all phases of the experiment. The luminances of annuli AT and Ac were fixed at L0 for all phases of the experiment.
In the experiments designed to measure the longdistance effect, the percent contrast between T and AT, Reid and Shapley (1988) . In their original graph, the vertical axis is labelled "assimilation" and the horizontal axis "induction". We have chosen different labels to avoid possible confusion resulting from our somewhat different use of the term "induction". The long distance effect is in units of Cc -CT (see text). To measure the local effect the subject matched the brightness of the test-and comparison-fields to that of a third field that was presented on a background of luminance L0, the mean luminance of the backgrounds on the left and right side of the display. The local effect is expressed in units equal to the difference in these two matches, expressed in percent contrast with L0. The key identifies the width of the annulus in minutes of visual angle. (b) The results of our simulations. Results obtained with the largest annulus-width studied by Reid and Shapley (43 min arc) are not shown in either panel because our sampling grid was too small to represent that stimulus situation.
denoted CT, was fixed at 11%. The percent contrast between C and Ac, denoted Cc, was adjusted by the subject to produce a brightness match between T and C.* If BT and Bc have the same luminance, then T and C will be equally bright when they are equal in luminance. If the luminances of BT and Bc differ, then any difference between Cc and CT must reflect the influence of the different backgrounds. The magnitude of the difference between Cc and CT (Cc--CT) is a measure of the long-distance effect. To measure the local contrast effect, Reid and Shapley (1988) set the luminance of each disk equal to that of the annuli, thus creating enlarged disks of luminance equal to L0 (R. C. Reid, personal communication) . The luminances of BT and Bc were set to each of the four pairs of values for which long-distance effects were measured. The subjects matched the brightness ofT and C to that of a third disk that was presented on a background of luminance L0. The difference in percent contrast between the matches made to T and C under these conditions is treated as a measure of the brightness difference between T and C that is attributable to local contrast.
The results of Reid and Shapley's (1988) experiments (average of six subjects) are shown in Fig. 9(a) . Measures of the long-distance and local effects obtained for each of the four sets of background luminances are plotted against each other. The points connected by solid lines represent the results obtained with annuli of different widths. The dashed line simply represents the results expected if the local and long-distance effects were equal in magnitude. *The procedure used by Reid and Shapley (1988) was slightly more complicated than the one described here because it involved a control for possible position bias--unnecessary in the simulation.
Figure 9(b) shows the results of simulating the experiments just discussed. The effects of varying the width of the annulus that were deduced from our model are qualitatively similar to the empirical findings.
The differences between the simulated and empirical results may reflect differences in procedures and stimulus conditions between the experiments of Reid and Shapley (1988) , and the experiment of Heinemann (1955) that is the source of the parameters used in the simulation. No doubt, subject differences also play a role. Although Reid and Shapley found substantial intersubject variation, the parameters used in our simulations were not adjusted to reflect differences among subjects. In fact, the parameters used in these simulations (the weighting function and the values off and fm~.) were estimated from the data of a single subject in Heinemann's experiment (see Steps 1 and 2 in Section 2).
Interpretation: distinguishing between local and long-distance effects
In this section we discuss how the effects of varying annulus width bear on the distinction between local and long-distance effects--according to our model. To begin at one extreme, measurements made when the width of the annuli is zero would seem to represent local contrast effects, rather than long-distance (assimilation) effects. As Reid and Shapley (1988) wrote, "With no annulus there cannot be assimilation, so here we are merely measuring how strictly brightness effects follow changes in local contrasr '(pp. 121-122) . The preceding statements are probably correct to a good approximation, but it is possible that they are strictly true only for backgrounds that extend to the very edges of the retina, i.e. are not themselves surrounded by a further background that is dark. Our reason for saying this is that a long-distance effect was found by Heinemann (1955) Reid and Shapley (1988) . The six curves labeled "average brightness" represent the brightness of disks as a function of luminance, for disks that were surrounded by annuli of widths 32, 21, or 1 ! min arc, shown on a background that was either the lowest or highest studied by Reid and Shapley. The curve labeled "'average SLR" actually represents six curves that are perfectly superposed. The parameters for these curves were those listed above for the brightness curves (3 annulus widths x 2 background luminances).
a situation in which the immediate background (the "annulus") was in turn surrounded by a dark background (see Section 4). One is tempted to think of the condition in which annulus width = 0 min arc as a unique case. However, according to our model, the brightness of disks that are surrounded by very narrow annuli may be affected by the background through a process that is very similar to the one that underlies local contrast effects.
In discussing this matter we find it convenient to use the term direct interactions to refer to interactions (between stimulated regions) that are manifested in the first-and second-level responses defined in Section 2, and to use the term indirect interactions to refer to the results of the processes that transform SLRs to brightness values (Step 3). Defined in this way, direct interactions between the disk and backgrounds do not occur, or are trivially small, when the annuli surrounding the disks have a width of 11 min arc or greater.
This can be seen in Fig. 10 which shows how the average SLR and average brightness of disks change with changes in the luminance of these disks. As in the experiment of Reid and Shapley (1988) , each disk specified in the simulations was surrounded by an annulus that has a luminance equal to the mean luminance of the backgrounds, L0. The widths of the annuli were set to 32, 21 or 11 rain arc. The luminances of Bc and By were set to the largest and smallest values respectively, that were studied by Reid and Shapley. These are the conditions under which both local and long-distance effects are greatest.
Our simulations yielded a total of six curves (2 levels of background luminance x 3 annulus widths). The six SLR curves appear as the single curve identified as "average SLR" in Fig. 10 . The fact that these six curves overlap completely indicates that neither background luminance nor annulus width (within the range under consideration) had a substantial effect on the average SLR.
In contrast, the six curves labeled "average brightness" do differ from each other, which indicates that the effects of background luminance and annulus width on the brightness of the disks are a consequence of transforming the SLR values of all nodes to deviations from the average SRL, as specified in Step 3 of our model.
Simulations in which the width of the annuli was set to 5 rain arc yielded a very different result. Figure 11 shows the average SLR as a function of luminance of disks surrounded by 5 rain arc wide annuli. The solid curve represents the results obtained with background BT; the dashed curve shows the results obtained with background Bo According to our model, the fact that the two SLR curves are not identical indicates that the background exerts a direct effect on the activity within the disk region.
This direct effect is further illustrated in Fig. 12 which shows profiles of the first-and second-level responses for the 5 min arc annulus condition. In the simulations that produced these profiles the luminances of the disks were set to values that yielded the average SLR value indicated by the horizontal line in Fig. 11 . Returning to Fig. 12 , note that within the disk region the response profiles obtained with backgrounds Bv (solid curve) and Bc (dotted curve) differ for both first-and second-level responses. That is evidence of a direct effect. Figure 13 illustrates the absence of a direct effect when the width of the annulus is 32 rain arc. Two curves are plotted across each panel. Where only the solid line is visible, it hides the dotted one because it is perfectly superposed upon it. According to our model, the fact that the two lines are identical within the disk region indicates that the background has no direct effect on a disk that is surrounded by such a wide annulus.
Though the background has a direct effect on activity within the disk region when the annuli are as narrow as 5 min arc, the indirect interaction remains the major determinant of the disks' brightness even under this condition. This conclusion follows from a detailed comparison of the results shown in Figs 12 and 13 with the corresponding brightness profiles (not shown here). Numerical comparison of the profiles in Figs 12 and 13 shows that, for each background luminance, the average SLR within the disk region surrounded by the 5 min arc annulus is greater than that in the disk region surrounded by the 32minarc annulus. However, the indirect interaction (Step 3) reverses the direction of this effect so that the brightness of the disk that is surrounded by the wider annulus exceeds that of the one surrounded by the narrower one.
It is important to note that, according to our model, the brightness of the disk that is surrounded by the 5 min arc annulus is affected by both the direct and indirect interactions--with the direct one causing the brightness to be reduced somewhat from the level that would obtain if there were no direct interaction. In general, for disks surrounded by narrow annuli, the long-distance effect reflects both direct and indirect interactions.
BRIGHTNESS VARIATIONS WITHIN ADJACENT REGIONS OF UNIFORM LUMINANCE
In all the experiments considered so far, the subjects were required to match the brightness of two extended areas, of uniform luminance, that were approx. 20-30 min arc wide. Carrying out computational Steps 1-3 for each of these areas yields a distribution of brightness (over the nodes included within the area) that is far from uniform. In fact, it has been reported that "When viewed against a dark background and with rigid fixation, an evenly illuminated disk does not look uniform; most subjects say that there is a bright ring at the edge of the field and a dark blotch in the center, with a gradient of brightness in between" (Heinemann, 1972, p. 158) .
Our assumption has been that the subjects' assessment of the brightness of such areas is based on the average brightness of the nodes. It is also of interest, of course, to measure the brightness of various sub-areas within an area of uniform luminance. Experiments that did this (using very different methods) were done by von B6k~sy (1969) and Heinemann (1972) , with similar results. In Heinemann's experiment the subject viewed two contiguous, square, areas that differed in luminance. Each area was of spatially uniform luminance. The inset in Fig. 14 illustrates a thick slice of this bipartite field. The subjects matched the brightness of a very narrow, rectangular test-region (illustrated by the dark line in the inset of Fig. 14) with the brightness of a similar comparison-region presented on a background that was of uniform luminance throughout its extent. The distance of the test-region from the dividing contour was systematically varied, and the luminance of the test-region was set to various values greater or less than the luminance of the adjacent region.
Of primary interest were the matches to testregions that had the same luminance as the portion of the bipartite field that constituted their immediate background. Of course, such regions cannot be distinguished from their background, and matches were actually obtained by interpolating between matches made to test-regions that had luminances slightly above and slightly below the luminance of their immediate background. FIGURE 11. Results of simulations. The average SLR of a disk as a function of luminance. The disks were surrounded by annuli that are 5 min arc wide. For the solid curve the luminance of the background was the lowest used in Reid and Shapley's experiments, for dashed curve it was the highest luminance used by them. For the simulation, the luminance of field C was set to the value needed to match the SLR produced by field T when the latter was set to 11% contrast. The x-intercepts of the vertical lines that rise above the symbols T and C on the horizontal axis indicate the luminances of T and C in log(cd/m2). See text. 
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The theoretical functions for the contrast levels of 0.12 and 0.29 are very close to the empirical data, but that for the contrast level of 1.18 shows a Mach effect that has an amplitude considerably larger than that seen in the empirical data. It is possible that the true minimum and maximum of the empirical function escaped measurement o n because the positions at which these values occurred fell between two at which measurements were actually made. Node --Low.
• "
High. Distonce from edge rnin (]rc) FIGURE 14. Luminance matches to a narrow test-region of a bipartite field as a function of the distance of the test-region from the luminance step dividing the field. The points represent empirical data, the lines represent the results of simulations. The parameters on the curves represent the luminance contrast between the two halves of the field, defined as the ratio of the luminance difference between the two halves of the field to the luminance of the dimmer side. Luminance of the dimmer side: 8.67 cd/m 2. To avoid overlap the functions have been displaced vertically by arbitrary amounts.
which the average effect of the direct interactions acting at each point is computed (the average is taken over all points; no distinction is made between local and distant contrast borders). The brightness at any point is then obtained by subtracting the average effect of the direct interactions (the average SLR) from the SLR at the point under consideration. All the simulations described in this paper were based on the single set of parameters described in Section 2, namely, the values of the standard deviations referred to under Step 1, and the values off and frown referred to under
Step 2.
Without a change in parameters, particularly the SDs that characterize the weighting function, our model does not adequately represent results obtained with large negative contrasts between disk and surround areas, which result in disks that appear very dark or black. There are psychophysical findings that indicate that the perceptions of luminance increments and luminance decrements are probably mediated by different mechanisms (Krauskopf, 1980; Whittle, 1995) . In the light of such findings, the use of different parameter values when dealing with the effects of small vs large negative luminance contrasts might be justified. A number of simulations we have done showed that reasonable fits can be obtained if the values of parameters described under Steps 1 and 2 are changed, but we have not explored the parameter space thoroughly. We may return to this 'matter in the future, but we avoid it for now. The reason is that the intended use of the model as a preprocesser in a pattern recognition system makes it desireable to keep the model as simple as possible. Finally, on a qualitative level, our model can account for the well-known Craik O'Brien-Cornsweet effect (Craik, 1966; O'Brien, 1958; Cornsweet, 1970) which can be observed when viewing a rectangular area that is divided into two halves that have the same luminance except for a dividing border that consists of one luminance ramp that rises sharply as it approaches the border from one side, and another that falls sharply as it approaches the border from the other side. In spite of the fact that the two halves of the area do not differ in luminance except near the border, the two halves are usually judged to be of different brightness. This effect follows directly from the auxiliary assumption that brightness judgments are based on the average brightness of the nodes that lie within the area being judged.
